Through symbiotic association with bacteria, legumes and actinorhizal plants have the unique ability to develop root nodules where N 2 is reduced to ammonia. Legumes enter symbioses with rhizobia, while the actinomycete Frankia interacts with a diverse group of angiosperms collectively called actinorhizal plants. These intimate and complex interactions involve symbiosis-specific differentiation of both partners (Hirsch 1992; Pawlowski and Bisseling 1996; Franche et al. 1998b) .
Recent phylogenetic studies based on rbcL gene sequence analysis have shown that all plants able to enter a root nodule symbiosis group together in one clade, thus indicating that both symbioses go back to a common ancestor (Soltis et al. 1995) . Symbiotic plants are grouped in four subclades out of six in the rosid I clade. Nevertheless, legume and actinorhizal nodules differ in developmental pattern and final structure. Legume nodules (subclade B) originate in the root cortex and have peripheral vascular bundles and infected cells in the central tissue, whereas actinorhizal nodules (subclades A, C, D) exhibit the same origin and structure as lateral roots, that is, they arise from cell divisions in the pericycle and possess a central vascular bundle and cortical infected cells (Pawlowski and Bisseling 1996) . Interestingly, nodules of Parasponia spp., the only non-legume infected by rhizobia, structurally resemble actinorhizal nodules (Lancelle and Torrey 1984b) and phylogenetically, Parasponia spp. group with actinorhizal plants of the Rhamnaceae, Rosaceae and Elaeagnaceae families (subclade A; Soltis et al. 1995; Swensen 1996) .
In one group of actinorhizal plants (subclade C), encompassing the families of the Betulaceae, Casuarinaceae, and Myricaceae, infection proceeds intracellularly via root hairs ( Fig. 1A ; Benson and Silvester 1993) . Upon infection, Frankia induces cell divisions in the cortex, leading to the formation of a small external protuberance called the prenodule (Figs. 1B and 2A; Angulo Carmona 1974; Callaham and Torrey 1977; Berry and Sunell 1990) . Some of its cells become infected by Frankia (Figs. 1B, 2B ). But while nodule primordia of legumes (subclade B) originate from mitotically activated cortical cells, actinorhizal nodule primordia do not arise from prenodule cells. During prenodule development, mitotic activity is induced in pericycle cells opposite to a protoxylem pole, giving rise to the actinorhiza nodule lobe primordium ( Fig. 1C, D ; Angulo Carmona 1974; Callaham and Torrey 1977; Berry and Sunell 1990) . Nodule induction on Parasponia (subclade A) by rhizobia follows a similar mechanism, although here the bacteria enter the plant intercellularly, not via root hairs (Lancelle and Torrey 1984a) . During intercellular infection of actinorhizal plants of the same subclade, i.e., members of the families Rosaceae, Rhamnaceae, and Elaeagnaceae, no prenodule is formed (Miller and Baker 1985; Racette and Torrey 1989) . However, in Ceanothus (Rhamnaceae), infection by Frankia leads to divisions of root cortical cells but the dividing cells are not infected (Berry and Sunell 1990) . Subclade D contains actinorhizal Datisca and Coriaria whose infection processes have not yet been studied in detail. Hence, cortical cell divisions in response to microsymbiont infection occur in at least three out of four subclades.
Thus, in all root nodule symbioses examined to date, the microsymbiont induces cell divisions and infects the newly formed cells. However, only in legumes do the infected cortical cells proceed with divisions and develop into the nodule primordium. In Parasponia and actinorhizal plants, nodule primordium formation is induced in the root pericycle.
The function of prenodules in nodule induction is not yet understood. We followed the differentiation of Frankia and plant cells in Casuarina glauca (subclade C) prenodules with both cytological and molecular markers. Frankia nifH expression in infected prenodule cells was examined as a marker for bacterial nitrogen fixation. As markers for the differentiation of prenodule cells, the expression of the infection-associated actinorhizal nodulin gene cg12 and the symbiotic hemoglobin gene cghb-1F ) was analyzed as well as infected cell wall lignification. Furthermore, the activities of the soybean leghemoglobin (lbc3) and Parasponia andersonii hemoglobin gene promoters that retain their cell-specific expression in transgenic Casuarinaceae (Franche et al. 1998a) were examined in prenodules. The results will be discussed in view of the suggested common origin of root nodule symbioses (Soltis et al. 1995) .
RESULTS

cg12 expression in prenodule infected cells.
In C. glauca and Alnus glutinosa, one marker gene for the differentiation of infected cortical cells of nodules is available. The expression of a serine protease of the subtilase family (cg12 or ag12, respectively) is strongly induced in nodule cortical cells upon infection by Frankia (Ribeiro et al. 1995; Laplaze et al. 2000) . cg12/ag12 expression in infected cells decreases at the onset of bacterial nitrogen fixation. In both plants, the corresponding genes are not expressed in roots but show very low levels of expression in green organs. In situ hybridization showed that cg12 is strongly expressed in prenodule cells where infection proceeds (Fig. 3A, B) , the level of expression being similar to that found during infection of cortical cells of the young nodule lobe (Laplaze et al. 2000) . A lower signal was also detected in prenodule cells completely filled with Frankia. The same pattern was found for ag12 in prenodules of Alnus glutinosa (data not shown). Thus, cg12/ag12 expression is associated with the infection of plant cells in the same fashion in both nodules and prenodules. A, Frankia hyphae (Fr) progress through a curled root hair. B, Prenodule (P) formation. After infection (5 to 10 days) mitotic activity occurs in cortical cells adjacent to infected root hair; some of these cells become infected by Frankia (gray region). Also, the nodule primordium is initiated in the pericycle opposite to protoxylem poles. C, Development of nodule primordium. Primordium is formed in the root pericycle, and develops into cortical tissue. D, Infection of the nodule primordium. Frankia hyphae coming from the prenodule infect cortical cells at the base of the nodule lobe (NL) primordium and progressively occupy the cortex of the nodule lobe. 
Nitrogen fixation and oxygen metabolism in prenodules.
In order to achieve symbiosis, both infected plant cells and infecting Frankia hyphae have to undergo a process of differentiation. Expression of nifH, encoding a subunit of the nitrogenase complex, denotes bacterial differentiation for symbiotic nitrogen fixation (Berg and McDowell 1987a; Ribeiro et al. 1995) . In C. glauca nodules, nitrogen-fixing infected cells differentiate to provide (i) an oxygen diffusion barrier achieved by lignification of the cell wall (Berg and McDowell 1987b) and (ii) a high amount of the oxygen-transport protein hemoglobin (Jacobsen-Lyon et al. 1995; Gherbi et al. 1997) . Frankia nifH and C. glauca symbiotic hemoglobin (hb) gene expression was examined by in situ hybridization. nifH was strongly expressed in fully infected prenodule cells (Fig. 3C) while cghb showed high expression in fully infected prenodule cells and lower expression in cells where infection was in progress (Fig. 3D) . Hence, the expression patterns of these two genes were similar to those found in mature C. glauca nodules . Moreover, cytological staining with either berberine or phloroglucinol showed that the walls of infected prenodule cells are lignified, suggesting that an oxygen diffusion barrier has been formed ( Fig. 3E and F) . These data suggest that in the prenodule, Frankia hyphae differentiate into their symbiotic nitrogen-fixing forms and infected plant cells differentiate to support bacterial nitrogen fixation.
The promoters of the symbiotic soybean (lbc3) and P. andersonii hb genes retain cell-specific expression in transgenic Allocasuarina verticillata prenodules.
We examined the expression of the soybean leghemoglobin gene lbc3 promoter and the P. andersonii hemoglobin gene (hb) promoter β-glucuronidase (GUS) reporter gene constructs in prenodules of transgenic A. verticillata, a close relative of C. glauca whose infection pathway is similar to that of C. glauca (data not shown). The soybean lbc3 promoter GUS fusion was expressed in large infected cells that were completely filled with Frankia (Fig. 3G) . This pattern resembles the one found for lbc3 promoter GUS fusion in nodules of Lotus corniculatus (Stougaard et al. 1987), C. glauca, and A. verticillata (Franche et al. 1998a ). The P. andersonii hb promoter GUS fusion was expressed in a similar way in infected prenodule cells and additionally showed low levels of expression in uninfected prenodule cells (Fig. 3H) . A similar pattern of expression has been reported for the hb gene in P. andersonii nodules (Trinick et al. 1989 ) and for the P. andersonii hb promoter GUS fusion in transgenic C. glauca and A. verticillata nodules (Franche et al. 1998a) . These data suggest that infected and uninfected prenodule cells contain transcription factors that are also active in the corresponding cells of mature actinorhizal nodules, but not in root cells.
DISCUSSION
Differentiation of bacterial and plant cells in actinorhizal prenodules.
During the course of intracellular infection of actinorhizal plants by Frankia and intercellular infection of P. andersonii by rhizobia, a prenodule is formed in the nodule cortex before the nodule primordium forms in the pericycle. In intercellularly infected actinorhizal plants, prenodule formation was not observed (Miller and Baker 1985; Racette and Torrey, 1989) . No evidence for a specific role of the prenodule has been demonstrated yet.
Our results strongly suggest that Frankia fixes nitrogen in infected prenodule cells of C. glauca, as denoted by expression of the nitrogenase structural gene nifH. Similarly, early studies by Angulo Carmona (1974) had shown that the formation of Frankia vesicles in infected cells of A. glutinosa prenodules is associated with a strong reducing power, suggesting bacterial nitrogen fixation. We confirm this hypothesis by showing Frankia nifH expression in vesicles-containing prenodule cells of A. glutinosa (data not shown). Further in situ hybridization studies showed that the expression pattern of the nodule-specific subtilase in prenodule cells resembles that in the corresponding cells of mature nodule lobes in both C. glauca and A. glutinosa (data not shown). Cytological studies provided evidence of lignification of the walls of infected prenodule cells as required for nitrogenase function in C. glauca. Furthermore, studies of hemoglobin promoter-GUS expression in transgenic A. verticillata plants suggest that not only infected but also uninfected cells of prenodules display the same features as their counterparts in nodules. The similar differentiation state of uninfected cells from prenodules and nodules is also indicated by the fact that, in contrast to normal root cortical cells, both types of uninfected cells accumulate starch in Comptonia (Callaham and Torrey 1977) . Taken together, these observations establish that Frankia-induced root cortical cell divisions lead to the formation of two new cell types displaying the differentiation of infected and uninfected nodule cells. Thus, the prenodule represents a very simple symbiotic organ.
Potential evolutionary significance of actinorhizal prenodules.
Molecular phylogenetic analysis suggests that all plants entering root nodule symbioses have a common ancestor that had obtained a predisposition for symbiosis (Soltis et al. 1995; Swensen 1996) . Thus, legume and actinorhizal nodules may have evolved from a more primitive type of symbiotic organ. This might mean that the formation of prenodule-like structures may have been an early step in the development of root nodule symbiosis. For a highly efficient symbiotic interaction, a connection of the symbiotic organ to the root vascular system would have been needed. The induction of lateral roots at prenodule sites may have occurred to fulfill this requirement and is likely to have led to the evolution of root nodules. The host plant-dependent positioning of the modified lateral root primordium may have led to the differing structures of legume and actinorhizal nodules. However, it is equally possible that prenodules represent one of the three nodule types that can be formed, and not an evolutionary step toward a more advanced organ. In this case, the ontogeny and tissue composition of nodules are likely to be different from those of prenodules. Yet, our studies have shown that the developmental programs used to produce prenodule cells are also part of the mechanism controlling nodule cell differentiation. Altogether, independent of whether prenodules represent nodule precursors or a parallel development, the similarity of differentiation of prenodule cells with that of their nodule counterparts strongly supports the hypothesis that all plants able to es-tablish a root nodule symbiosis arose from a common ancestor predisposed for symbiosis.
MATERIALS AND METHODS
Plant and bacterial growth conditions.
C. glauca and A. glutinosa seeds were provided by the Desert Development Center (Cairo) and the Iceland Institute of Technology (Reykjavik, Iceland) respectively. Plants were grown and inoculated as described with Frankia strains Thr (Girgis et al. 1990 ) and ArI3 (Berry and Torrey 1979) respectively. Prenodules and nodules were harvested 2 to 4 weeks after inoculation.
Transformation of A. verticillata.
The soybean lbc3-GUS-NOS and P. andersonii hb-GUS-NOS constructs were kindly provided by K. Marcker (Lauridsen et al. 1993 ) and E. Dennis (Bogusz et al. 1990 ), respectively. Transgenic A. verticillata plants were obtained through the transformation of mature zygotic embryos by engineered Agrobacterium tumefaciens as described previously . Histochemical localization of GUS activity in A. verticillata prenodules was done as described (Franche et al. 1998a) .
Hybridization experiments.
In situ hybridization experiments were performed as described (Ribeiro et al. 1995) . nifH and hb probes were prepared as described by Gherbi et al. (1997) . cg12 probes were prepared by linearization of pCg12 with SstII and in vitro transcription with T7 RNA polymerase (antisense) or by linearization with PstI and transcription with T3 RNA polymerase (sense). ag12 probes were prepared as described by Ribeiro et al. (1995) .
Histology of cell wall lignification.
Nodules and prenodules were fixed for 5 h in 4% paraformaldehyde, 0.25% glutaraldehyde, 10% dimethyl sulfoxide (DMSO), 70 mM ethylene glycol-bis (β-aminoethylether)-N, N′-tetraacetic acid (EGTA),and 100 mM phosphate buffer, pH 7.2, and embedded in melted paraplast or resin (Histo Technik 7100; Labonord, Villeneuve d'Ascq, France). Seven Paraplast (7 µm) or resin (3 µm) sections were used in the lignification test. Lignified cell walls were stained with berberine (Brundrett et al. 1988) or phloroglucinol.
